In mixed cultures where Chilomonas paramecium and Tetrahymena py?%formis W were in competition for the same dissolved food, the population size of both species (expressed in terms of total number of organisms), as well as the size and shape of individual organisms, were all affected by the presence of the other species. The size of the Chilomonas population was significantly larger in mixed than in single cultures up to the stationary phase, after which the Chilomonas rapidly decreased in numbers and finally died out. The Tetrahymena population was also larger in mixed cultures in the early stages, though by the beginning of the stationary phase this was not so. Only when the Chilomonas had died out did the Tetrahymena population again reach the size of that in single cultures. In terms of total volume of organisms, the growth of the Tetrahymena population was not as good initially as in single cultures. Later, when the Chilomonas population became very small, the total volume of the Tetrahymena population increased and finally reached the size of the population in single cultures.
METHODS
The data concerning the strain of Chilomonas paramecium used were given in a previous paper (MuEibabi6, 1956) . Corliss (1952 Corliss ( , 1953 a ) described the history, systematics and morphology of Tetrahymena pyriformis ; the strain W was isolated by C. L. Claff in 1939 (Corliss, 1952) , and subcultures for the present investigation were obtained from the Culture Collection of Algae and Protozoa, Botany School, Cambridge. Fresh clones were established to ensure that the populations of the species used in these experiments were homogeneous. It was found that T . pyriformis W and C . paramecium both grew well in a solution of 0.1 yo Proteose peptone (Difco) and 0.1 yo sodium acetate; indeed the Chilomonas grew better in this than in the more usual 0 . 1 yo beef extract (Difco) medium.
The 0.5 ml. cultures were inoculated with ten organisms of each species, and single populations of each species served as controls, the inoculum of the latter being ten individuals of the Chilomonas or of the Tetrahymena. All cultures were maintained a t 22.5". It was necessary to increase the number of observations over the initial period of growth, because the duration of the logarithmic phase varies in individual cultures. Cultures of the Chilomonas, for example, reached the maximum stationary phase in 5-7 days; and cultures of the Tctrahymena in 8-10 days.
Before starting to count, a loopful of every culture was spread over a slope of Bacto-nutrient agar (Difco), subsequently incubated, and examined for signs of bacterial contamination. It is worth mentioning that Tetrahymena pyriformis W grows on Bacto-nutrient agar, forming small round patches that can easily be mistaken for colonies of bacteria. The cultures were counted completely, or by sampling, and then discarded (MuEibabib, 1956) .
Growth of population of Chilomonas paramecium and Tetrahymena pyriformis in terms of total numbers of organisms Table 1 shows the growth of mixed and single populations of the Chilomonas and the Tetrahymena in terms of total numbers of organisms. The maximum size of the population of the Chilomonas in mixed cultures was about 170% of the maximum population in single cultures, and growth was generally better in the mixed populations during the first 11 days. The larger size of population is statistically significant from the sixth day onwards. This large number of Chilomonas in mixed populations was not maintained, however; it began to decrease, slowly at first, and then rapidly, until the end of the twentysecond day. From the twelfth day the number was significantly smaller than in single cultures. Later, there was a slight increase in numbers, but after some fluctuations, the Chilomonas disappeared completely by about the thirty-sixth day.
The course of growth of the population of the Tetrahymena in mixed cultures differs from that of the Chilomonas. During the first 7 days its numbers were larger than in the control single cultures, and this difference was statistically significant after the third day. Later, the numbers were smaller, and from the 3  3  3  3  3  3  3  3  3  1  3  3  3  3   3  3 20,100 8 and Corliss (1953a) , were made on fixed organisms. Preliminary observations showed, however, that shrinkage occurred during fixation, but was least in Champy's fixative. In order to test whether reliable estimates of the volume in life could be obtained from organisms fixed with this fixative, photographs were taken, first of a living organism T. pyriformis, and then of the same organism after fixation in Champy's fluid and washing in Da Fano's solution (Corliss, 1953b) . Sixteen organisms were photographed in this way (Pl. 1, fig. I) , and the size of the live and fixed organisms (length and greatest width) was measured from the photographs. From the series of differences, t was determined (Fisher, 1950 ; see 'Significance of mean of a small sample'). Its value (2.59) both for length and width (for 15 degrees of freedom) showed that the differences in size between living organisms and organisms fixed in Champy's fixative were statistically significant (P lies between 0.05 and 0.02). It was evident that only measurements of living organisms were of value for a quantitative study of changes in size. Accordingly, photographs of living organisms in single and mixed cultures were taken every second day throughout the growth of the population (PI. 1, figs. 2-4). The length and maximal width of the organism in sharp focus were measured, and the average volume of individual organisms in single and in mixed populations calculated. These data were used for the calculation of the total volume of populations Mixed population growth of protozoa 565 in single and mixed cultures. The total numbers of organisms (Table 1 ) were multiplied by the corresponding value for the volume of individual organisms a t the same age (Tables 3 and 4) ; the results are shown in Table 2 . They indicate first, that the maximum size of population (total volume or ' biomass ') reached in single cultures was not maintained for as long a time as when expressed as total number of organisms ( Table 1 ) . The growth of the Chilomonas populations in mixed cultures, expressed as total volume of organisms, followed the same course in time as when expressed as total number of organisms; but the growth of the Tetrahymena in mixed cultures in terms of total volume was different from that in terms of total number; growth was worse than in the control cultures (except for 1 day), the maximum yield being only 44% of that in the single population.
It is to be noted that the total volume of the Tetrahymena, either in single or mixed populations, was always greater than the total volume of the population of the Chilomonas. The maximum size of the single population of the Chilomonas was about 231 x lo6 p.3, while that of the Tetrahymena was about 1288 x 106 ,u.~. These differences occurred in cultures with the same kind and quantity of nutrient medium. They imply that the degree of utilization of the nutrient medium depended on physiological characteristics of the species.
Changes in size and shape of Chilomonas paramecium and of Tetrahymena pyri formis during the growth of single and mixed populations Values for length and width, for the ratio of length to width, as well as for the volume, of individual organisms of the Chilomonas and the Tetrahymena, during the growth of single and mixed populations, are shown in Tables 3 and 4. These list the mean value (E) and coefficient of variation (c.v.)* of the length and width, and of their ratio; the average volume ( V ) , and the number of observations (n). The ratio of length to width was calculated for each organism measured. The average volume of the Tetrahymena was calculated in the same way as the volume of the Chilomonas, that is, V = --:: (7)2 because it appeared that the form of both organisms approximates most nearly to an ellipsoid.
Tables 3 and 4 show that the size and shape of both organisms depended on the age of the population and on the presence or absence of the other species (see also P1. 1, figs. 2-4) . It is clear that the Tetrahymena and the Chilomonas differed not only (and obviously) in average size and shape, but also in the sequence of changes in size and shape during population growth. The Chilomonas became larger after inoculation, while the Tetrahymena became smaller. The increase in size of the Chilomonas, both in single and mixed cultures, was confined to the early stages of growth of the population. During this period, and in the logarithmic phase of growth, the size of the Tetrahymena in single culture decreased (Pl. 1, fig. 2 a ) ; subsequently, in the phase * Coefficient of variation = relative standard deviation, that is, the standard deviation expressed as a percentage of the mean. Mixed population growth of protozoa 567 of negative growth acceleration, it became larger again (Pl. 1, fig. 2b ). This increase in size was followed by a sudden decrease, a t the beginning of the stationary phase (Pl. 1, fig. 2 c ) . In the mixed population, the Tetrahymena never reaches the maximum size of organisms in the single population (Pl. I, fig. 4a-4 ; and later its decrease in size was greater than in control cultures. Nevertheless, the size of the Tetrahymena in mixed populations increased again when the Chilomonas was nearly suppressed (PI. 1, fig. 4d ).
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The decrease in size of the Chilomonas in the phase of negative growth acceleration was greater in single than in mixed cultures. When the single population of the Chilomonas stopped growing, however, the size of individuals increased again (PI. 1, fig. 3 c ) , surpassing the size of organisms in mixed cultures, but did not become as large as that of organisms in the early stages of growth of the single culture. The individual size of the Chilomonas in mixed cultures also began to increase as soon as the density of the population became low, and surpassed that of organisms in control single cultures of approximately the same age.
The ratio of length to width has been adopted as a quantitative expression of the shape of the organisms. Generally speaking, the values of this ratio are larger in mixed populations than in single. This means that the organisms are more slender when grown in mixed cultures than in single cultures; and these differences in shape are more accentuated in the Tetrahymena than in the Chilomonas.
Tetrahymena pyriformis MT was plump in the logarithmic phase of growth; but in the phase of negative growth acceleration, and in the first part of the stationary phase, the organisms were slender. In older cultures, both slender and plump organisms were present. ChiEomonas paramecium, however, was plump only in single cultures more than 20 days old. I n mixed cultures it was more slender, except in the logarithmic phase of growth when the organisms were plumper than in single cultures.
Tetrahymena pyriformis W swam more rapidly in the mixed cultures than in single culture. This greater speed of swimming was not observed a t the beginning of population growth, but was very noticeable from the phase of negative growth acceleration onwards. In old cultures, however, it was not observed. From their stream-lined shape in cultures 8 days old (Pl. 1, fig. 2 b ) one might indeed expect that organisms from the mixed populations would be faster swimmers than those grown in single culture. Tables 3 and 4 show that, on the whole, the coefficients of variation of length, width and of their ratio, are larger in mixed populations. It is interesting that variation in the shape of the Chilomonas was more accentuated than variation in size; while for the Tetrahymena the converse was true.
Variation of the Chilomonas in single population was greater only a t the beginning of the maximum stationary phase; while in a mixed population high values of the coefficients appeared almost throughout population growth.
Increased variation of the Tetrahyniena in single cultures was exhibited at the end of the phase of negative growth acceleration, and a t the beginning and in the middle of the maximum stationary phase. In mixed cultures,
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however, the first increase in the coefficients of variation occurs at the beginning of the maximum stationary phase. The values of the coefficients of variation for the Tetrahymena were maximal when the Chilomonas was almost completely suppressed, and the population of the Tetrahymena had begun to increase. How great is the variation in size and shape of the Tetrahymena in mixed cultures at this time can be seen from PI. 1, fig. ad .
The values of length, width, and the ratio of length to width of the Chilomonas and the Tetrahymena, in single and mixed cultures, were compared statistically, using the t-test of significance. The results showed that differences of means of length and width of organisms in single and mixed populations were significant only from the fourth to the sixth day after inoculation. On the other hand, the difference in shape of the Tetrahymena from single and mixed cultures is significant from the beginning of measurements; it was almost significant for the Chilomonas also. As might be expected, the significance of means changes during population growth; but on the whole the differences between the organisms from single and mixed cultures are significant.
The maximal and minimal values of length, width and their ratio in single and mixed populations were also statistically compared. They were all highly significant (P < 0.001).
DISCUSSION
These experiments have shown that the growth of two protozoan species in mixed populations is not as simple a matter as certain mathematical theories have suggested. Statistically significant differences in the population size of Chilomonas paramecium and Tetrahymena pyriformis W, between single and mixed cultures, appeared a t the beginning of population growth, and implied better growth of both species in mixed populations. Later, however, there was significantly better growth of both species in single populations. Now C. paramecium, a species of which the maximum population was nearly twice as large in mixed as in single cultures, was suppressed by 2 ' . pyriformis W, of which the maximal population was larger in single than in mixed cultures. According to theories of competition between two species, however, one would not expect suppression of the species that grows better in mixed cultures from the logarithmic to the stationary phase.
The reason for the better initial growth of both species in mixed cultures is unknown. Obvious possibilities are : that certain products of the metabolism of one species favoured population growth of the other; or that one species removed something from the medium and so made it more suitable for the growth of the other species. Whatever its nature, this conditioning of the medium took a few days, since significantly greater numbers of the Tetrahymena in mixed cultures only appeared on the fourth day, and those of the Chilomonas only on the sixth day after inoculation. The greater concentration of carbon dioxide in mixed cultures (due to a larger number of organisms) might conceivably stimulate growth of the Chilomonas population (Jahn, 1936; Pace & Ireland, 1945) .
The growth rate (MuEibabi6, 1956) of the population of the Tetrahymena, both in single and mixed cultures, was greater than that of the Chilomonas population during the first day; but later, the growth rate of the Chilomonas was constantly greater. From its growth rate, as well as from the maximum population size, one might expect the Chilomonas to win in competition with the Tetrahymena; but the Chilomonas was suppressed.
On general grounds, Huxley (1942) emphasized that change in environmental conditions may affect the results of competition, and Hutchinson (1941) showed how a successional series in any system may be caused by internal or external changes modifying properties which bear directly on the struggle for existence. Crombie (1945) also claimed that the mathematical theories of competition between two species hold only so long as the conditions of experiment remain constant; and it seems evident that in cultures such as those examined here, there must be a steady change of environmental conditions throughout the life of the culture. Salt (1932) showed for a very diflerent organism, namely the dipteran Lucilia sericata, that the population growth assumed a different appearance according to whether population size was expressed as number of organisms or as weight of organisms. This result is analogous to the observed difference in the effects of competition between the Chilomonas and the Tetrahymena used here, when the size of the population is expressed as numbers or volume of organisms.
MeVeigh & Brown (1954) compared the growth of the flagellates Chlamydomonas chlamydogama and Haernatococcus pluvialis, in single and mixed population, when the cultures were 2 and 3 weeks old. They found better growth in single cultures after 2 weeks, and in mixed cultures after 3 weeks. Since they did not follow the growth of the population throughout, their results are not fully comparable with the findings of the present experiments, though to some extent they confirm the observed better growth of the Chilomonas and the Tetrahymena in a mixed population a t a particular age of the culture.
The observation that the size of the Tetrahymena and Chilomonas organisms in mixed culture was significantly different from the size of organisms in single culture, and that there were marked differences between the sizes of organisms of the same culture a t different ages of the population, implies that one cannot with safety measure a certain number of organisms from a single culture and use the mean values obtained from such measurements for calculating the size of population, in terms of total volume of organisms, for cultures of different age and composition, as did Gause (1935a, b) in his experiments on competition between two species of ciliates.
The data on variability suggest that the conditions of competition between two species induce an increased variability in size and shape of organisms in mixed cultures. This was particularly striking in the Tetrahymena a t the time when the Chilomonas was nearly suppressed. It implies that changes occurred both in volume and in surface area of the organisms; in the Tetrahymena, either the kineties increased in length, or the distance between them increased during an increase in surface area, or both may have happened simultaneously. These are matters for future investigation.
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Ormsbee (1942) noted that there was variability in size of Tetrahymena pyriformis W in the stationary phase of population growth; but he judged changes in size of organisms from changes in length only, and claimed that the ratio of length to width did not vary significantly during population growth. The present experiments have shown, however, that profound changes in the ratio of length to width occurred in the logarithmic phase of population growth of T . pyriformis W. Ormsbee also observed (as here described, p. 565) a decrease in size of the Tetrahymena during the logarithmic phase of growth and a subsequent increase in size in the stationary phase; in the present experiments, however, an increase in size was observed in the phase of negative growth acceleration. In contradiction to my results and to those of Ormsbee, however, Slater & Elliott (1951) found that the volume of individual organisms of T . geEeii was maximal at the end of the logarithmic phase. It was claimed by Loefer (1952) that all strains of T . geEeii reached full size after 48 hr.; in my experiments, however, full size was not reached until 8 days after inoculation. Loefer, however, used a medium differing from mine in kind and quantity, and maintained his cultures at a higher temperature.
The observed decrease in size of organisms in old cultures, though the total numbers remained constant, may be connected with progressive deficiency in the food available, for Weis (1954) also observed decrease in size in Tetrahymena pyriformis in starving cultures. Harding (1937) measured the size of Glaucoma pyriformis (Tetrahymena pyrijormis) in cultures without food, and also found that size decreased rapidly at the beginning of starvation, while the organisms were still multiplying. 
